Objective: We sought to examine brain white matter abnormalities based on MRI in adults with Lesch-Nyhan disease (LND) or an attenuated variant (LNV) of this rare, X-linked neurodevelopmental disorder of purine metabolism.
the dorsolateral, inferior frontal, cingulate, insula, hippocampal/parahippocampal, amygdala, and middle temporal regions.
The aim of this investigation was to identify regional white matter abnormalities in LND and LNV. Lacking diffusion-weighted imaging data, we used VBM with analysis of covariance to assess white matter abnormalities in LND and LNV and localize them to anatomical regions and white matter tracts to the extent possible. We hypothesized that both patient subgroups would show volumetric white matter abnormalities compared with healthy adults, and we compared LND and LNV patient subgroups to identify possible substrates of the characteristic that most distinguishes them: self-injurious behavior. METHOD Participants. Twenty-one adults with LND, 17 with LNV, and 33 healthy controls (HCs) contributed to this analysis. The same participants contributed data to a previous report of regional gray matter volume abnormalities. 6 Clinical diagnoses were made by a neurologist (H.A.J.) with expertise in LND. The diagnosis of LND was based on the presence of hyperuricemia, motor neurologic abnormalities, self-injurious behavior, cognitive impairment, and either residual HPRT enzyme activity less than 1.5% of normal or a mutation in the HPRT1 gene predicting null enzyme activity. Participants with LNV displayed similar but milder clinical characteristics, no history of self-injurious behavior, and reduced HPRT enzyme activity or a mutation in the HPRT1 gene. Patients were recruited through clinics and physician referral, the Lesch-Nyhan Syndrome Registry, and the Matheny School and Hospital. HCs were recruited from the Baltimore area and had no reported history of substance abuse, mental illness, or neurologic disorder.
Standard protocol approvals, registrations, and patient consents. Each participant gave written informed consent if competent to do so or oral informed assent with written informed consent by a guardian. This study was conducted in accordance with the Declaration of Helsinki, and was approved by the Johns Hopkins and Emory University institutional review boards.
Procedure. Each participant underwent neurologic examination by a neurologist (H.A.J.) who specializes in movement disorders and LND and cognitive testing supervised by a neuropsychologist (D.J.S.) with experience in LND. Each participant received a T1weighted brain scan. Scans conducted before 2009 were acquired on a 1.5T GE Genesis Signa machine (GE Healthcare, Waukesha, WI) (repetition time 35 milliseconds, echo time 2 milliseconds, field of view 256 mm, flip angle 45°, 1.0 3 1.0 3 1.5 mm). Those conducted after 2009 were acquired on a 3T Siemens Trio machine (Siemens AG, Erlangen, Germany) (repetition time 2,300 milliseconds, echo time 2.9 milliseconds, field of view 256 mm, flip angle 9°, 1.0 3 1.0 3 1.2 mm). All patients with LND and some with LNV were given alprazolam before scanning to help them lie still in the scanner, and then were monitored thereafter until they awoke fully.
Imaging and statistical analysis. VBM was conducted using the VBM8 toolbox within the SPM8 software package to obtain white matter volumes for each participant. Following the methods described earlier, 6 before automated segmentation and alignment, all images were manually aligned to the anterior commissure-posterior commissure line to prevent errors during the automation process that could arise from the reduced intracranial volumes of patients. Segmentation and normalization were performed using Jacobian modulation to account for differences in overall brain size, because entering intracranial volume as a covariate would confound the results given the large group differences in head size. Resulting white matter volumes were smoothed using a 6-mm isotropic gaussian kernel and compared using analysis of covariance within SPM8, controlling for white matter volume variations due to age and the scanner on which images were acquired. In addition, scanner effects were modeled to ensure that false positives did not arise as a result of the differing acquisition parameters. These methods are described more fully elsewhere. 6 Regionally specific white matter abnormalities were identified by a 3-group analysis of covariance with a stringent cluster-level family-wise error correction of p , 0.01 and a cluster-forming threshold of p , 0.0005. Masks for each cluster that remained significant after family-wise correction were then created with the xjView (version 8.11) viewing program for qualitative comparison. We next conducted 6 post hoc t test analyses within SPM8 (HC . LND, HC . LNV, LNV . LND, HC , LND, HC , LNV, and LNV , LND) to identify regions of white matter volume that distinguished the groups in each pairwise comparison. More typical significance levels (family-wise error correction of p , 0.05 and cluster-forming threshold of p , 0.0005) were used for these analyses.
Group differences in sex and race were assessed using the x 2 test. Group differences in years of schooling were tested with a 2group t test that compared only persons with LNV and healthy adults because persons with LND typically require special education. Finally, between-group analyses of variance with pairwise, Bonferroni-corrected post hoc comparisons were used to examine group differences in segmented volumes and ratios derived from the brain MRI scans (table 1) .
RESULTS
As shown in table 1, the 3 participant groups did not differ significantly in age or sex. Patients with LNV completed fewer years of education than healthy adults. Those with LND were excluded from this comparison because their educational experience was so specialized and unlike that of the other groups. Both patient groups showed significantly reduced global gray and white matter volumes relative to HCs. However, while patients with LND showed greater reduction of white (26%) than gray (17%) matter volume, those with LNV showed nearly equal reductions of white (14%) and gray (15%) matter. Neither patient group differed from healthy adults in their total brain-to-intracranial volume ratios. This suggests that age-related atrophy is not accelerated among patients.
Based on analyses of covariance, the LND group showed 2 clusters of white matter voxels with significantly smaller volumes than those of the HC group (table 2) . One large cluster (87,596 voxels) showed contiguous white matter deficits throughout the brain with local maxima identified bilaterally in the insular, inferior frontal, and striatal regions. A second smaller cluster (187 voxels) contained local maxima in the lingual region, extending into the cerebellar white matter. As depicted in figure 1A , these abnormalities encroached on white matter tracts in many regions. The LNV group showed less widespread volumetric deficits relative to HCs. These include 5 significant clusters that range from 261 to 11,716 voxels, with local maxima adjacent to the caudate nuclei bilaterally, and the calcarine sulcus extending into cerebellar white matter (figure 1B). Based on Montreal Neurological Institute (MNI) coordinates, the local maxima of these clusters all fell within regions of decreased white matter volume observed in the LND group. Thus, the regions of reduced white matter volume seen in adults with LNV represent a subset of those seen in adults with classic LND. Finally, figure 1C depicts regions in which persons with classic LND showed significantly smaller white matter volumes than those with LNV. Local maxima within these clusters localized to the striatum bilaterally, anterior/middle cingulum, inferior and middle frontal regions, and both primary and supplementary motor areas. There were no white matter clusters in LND or LNV that were significantly larger than in HCs.
The MNI coordinates for local maxima of VBMdefined clusters of decreased white matter volume cannot be localized reliably to specific white matter tracts, but one can infer their proximity to known tracts by visual inspection in combination with published white matter atlases. 7, 8 Qualitatively, both patient groups displayed reduced volume in brainstem and striatal white matter tracts relative to healthy adults. Patients with LNV showed relative sparing of right white matter volumes in the subcortical regions and bilaterally in superior neural regions. In addition, white matter volumes in the corticospinal tract region were reduced in LND but not in LNV. Direct pairwise comparison of the patient groups revealed that adults with classic LND showed decreased volume of white matter tracts near the supplementary motor area and the junction of the inferior frontal lobe adjoining Table 1 Demographic characteristics and brain volumes (in cm 3 ) by group temporal and limbic regions. Despite the imprecise spatial resolution of white matter tract localization in VBM, the regions that distinguish patients with LND from those with LNV primarily involve long association fibers, likely including subsections 1 and 2 of the superior longitudinal fasciculus, the uncinate fasciculus, and the cingulum. Additional volumetric deficits appeared near the corticospinal tract adjacent to the supplementary motor area.
Scanner effects. Potential confounding effects of using 2 different scanners on white matter volume were tested using a liberal threshold (p , 0.001, uncorrected). This comparison yielded 11 clusters that ranged in size from 1 to 19 voxels. However, when the statistical thresholds used in previous analyses were applied, no voxel of white matter remained significantly associated with the machine used. A glass brain image of the uncorrected significant voxels is shown in figure e-1 on the Neurology ® Web site at Neurology.org.
DISCUSSION
This study sheds new light on the biological bases of the neurobehavioral abnormalities in LND and its attenuated variants. Most previous research has focused on the basal ganglia and their dopaminergic pathways. [9] [10] [11] [12] However, the present study reveals marked and widespread reductions of brain white matter volume too. These findings could reflect abnormalities of brain connectivity. If so, then they clearly show that pathways beyond the basal ganglia also are affected. The white matter results found here amplify the findings of recent VBM studies of gray matter, which showed that volumetric decreases extend beyond the basal ganglia to involve cortical targets in the frontal and temporal lobes, with relative sparing of the occipital regions and cerebellum. 6 They also are compatible with the clinical phenotype. For example, dystonia often is associated with defects of the putamen, but also with the primary and supplementary motor cortex. 13, 14 Decreased white matter volumes adjacent to the supplementary motor cortex could indicate dysfunction of this region, or fibers of passage between the primary motor cortex and basal ganglia. Spasticity and hyperreflexia also are common in LND, and might relate to abnormalities in the corticospinal white matter. 15, 16 The cognitive impairments that characterize both LND and LNV 4 similarly could result from disruption of subcortical white matter containing cortical association and commissural connections. One prior study linked self-injurious behaviors in adults with borderline personality disorder to abnormalities in frontal white matter. 17 The authors stated that the observed abnormalities included inferior white matter in both frontal lobes, but their regions of interest clearly included the superior longitudinal fasciculus, which appears to be considerably more abnormal in LND than in LNV, as shown in figure 1C . Self-injurious behaviors also are associated with dysfunction of nigrostriatal dopamine pathways, which are not myelinated and, therefore, unlikely to be specifically identified by VBM. One limitation of cross-sectional VBM studies is that it can be challenging to discriminate primary defects related to HPRT deficiency from secondary downstream consequences. Both gray and white matter volumes can change in response to practice effects for both motor and cognitive functions 18, 19 Thus, reduced volumes in LND and LNV could partly reflect the consequences of a chronic illness. For example, all patients with LND and many with LNV have generalized dystonia, limiting their ability to walk. Thus, one might argue that chronic disuse of the legs could lead to reduced volumes in the corticospinal pathways. Other cortical regions could be affected by educational or other experiential limitations. However, the term "disuse" is not entirely appropriate for the LND neurobehavioral phenotype. Dystonia and chorea are hyperkinetic disorders. This strains the argument that they might cause secondary brain changes due to "disuse." Likewise, self-injury is an active process, rather than one that involves disuse. A related concept is regional target atrophy due to lack of projections and synaptic connectivity that leads to relative underactivity of the target regions. Perhaps also worth emphasizing here is that white matter was not globally affected. The anterior and posterior commissures were spared, and the cerebral peduncles were largely unaffected. This suggests that corticocortical connectivity across the hemisphere is normal, and corticofugal connectivity with brainstem and spinal cord targets is relatively normal. These aspects are quite different from the disuse atrophy that results from cortical disconnection in multiple sclerosis, or from the changes associated with disuse in cerebral palsy.
Alternatively, surrogate experimental models in which experiential factors can be controlled indicate that white matter loss might result directly from HPRT deficiency. For example, while Nissl and immunohistochemical stains have shown no neuronal loss in any brain region in the HPRT-deficient knockout mouse, Golgi histochemistry studies have revealed dendrites to be shorter with less complex branching patterns in the basal ganglia and cerebral cortex. 20 Because these mice are behaviorally normal, the dendritic abnormalities are not likely to be a secondary result of chronic illness. In addition, several HPRT-deficient neuron-like cell models also have shown impoverished outgrowth of neurites in culture, [21] [22] [23] [24] [25] [26] suggesting that the defect is intrinsic, and does not result from interactions with other brain cells or activity-dependent experience. Taken together, these findings imply that a defect in neurite outgrowth is a direct effect of HPRT deficiency. Such a defect in the human brain is likely to be accompanied by reduced associated myelin and total white matter, as found in the current study.
While these VBM results point to specific regions of brain volume abnormalities, they do not address the underlying pathologic substrates. If the previously observed decreases in gray matter volume denote smaller neuron counts, rather than a reduction in soma size, 27 this could explain our findings of decreased white matter volume. More likely, decreased white matter volume reflects dysmyelination of local axons or dendrites, loss or atrophy of axons or dendrites, or combined loss of fibers and associated myelin. Several prior histopathologic studies of LND brains collected at autopsy have failed to reveal any obvious abnormalities in random white matter samples, arguing for combined loss of myelin and associated fibers rather than a selective defect in myelination. Further imaging studies with diffusionweighted imaging will be required to delineate the underlying actual fiber tracts most involved, and more targeted histologic studies of these tracts in autopsy material may be required to delineate the underlying pathologic substrates.
Finally, the results obtained here underscore the need to examine diffusion-weighted imaging in patients with LND and LNV. Analysis of fractional anisotropy could provide insight into the integrity of white matter tracts with reduced volume identified by the current VBM studies. Similarly, measures derived from tractography could elucidate abnormalities of the organization, length, and width of fiber bundles in specific white matter tracts that connect basal ganglia structures to cortical regions in circuits that might account for specific features of LND and LNV phenotypes. 11 In any case, the finding that persons with LND showed substantially larger reductions of white than gray matter raises the intriguing possibility that gray matter abnormalities might result from a "chronic disconnection," rather than cause the white matter changes found in this study.
